Population changes of the mulberry tiger moth, Thanatarctia imparilis (Butler) (Lepidoptera: Arctiidae) and its carabid predator, Parena perforata (Bates) (Coleoptera: Carabidae) were surveyed at three disjunct study sites in the Kinki region, western Japan, from 1989 to 2001. At one of the three study sites, the population density of T. imparilis increased gradually, thereafter, decreased drastically, and then increased again. At this site, the number of P. perforata per prey colony changed closely with the density of T. imparilis. During the decline phase of T. imparilis, P. perforata was observed in over 80% of the prey colonies, and many egg masses of the beetle were deposited on each prey colony. It was observed that the effect of the predation acted strongly during the decline phase of T. imparilis. At another site, moreover, P. perforata was observed in over 80% of the prey colonies during the period of population decline of T. imparilis. At the third site of the three, however, the carabid beetles were observed in less than 10% of the prey colonies even during the decline phase of T. imparilis. At this site, the population density of T. imparilis decreased after high density had persisted for a few years and started to increase after low density had persisted for a few years. In addition, the change in amplitude between the highest density and the lowest density was ca. one-third that at the other two sites. It was suggested that the predator-prey interaction constitutes an important factor in explaining the different behaviors of T. imparilis populations at different localities.
INTRODUCTION
The mulberry tiger moth, Thanatarctia imparilis (Butler), is a univoltine gregarious lepidopteran, one colony of which is composed of 1,000-2,000 caterpillars. Parena perforata (Bates) of the tribe Lebiini is an autumn breeding small-sized carabid beetle (adult size 8-12 mm in length). Both adults and larvae of P. perforata are predators inhabiting colonial nests of T. imparilis (Uchida, 1957; Habu and Sadanaga, 1967; Hondô, 1979) . In southwestern Japan, it is suggested that the population fluctuation of the moth showed a pattern in which the density increased gradually and thereafter, decreased drastically (Seki, 1974; Uematsu, 1986; Hondô and Morimoto, 1997) . In Chiba and Osaka Prefectures, it was observed that the predation by P. perforata acted strongly during the decline phase of the T. imparilis population (Uematsu, 1986; Hondô and Morimoto, 1997) .
It has been reported that several moth populations show population cycles (Berryman, 1988; Liebhold and Kamata, 2000) . It is pointed out that delayed density-dependent mortality can introduce population cycles (Varley, 1947; Turchin, 1990; Berryman, 1996) . Several studies suggested that delayed density-dependent mortalities caused by natural enemies, parasitoids, specialist predators and pathogens played important roles in population cycles (Anderson and May, 1981; Myers, 1988; Royama, 1992; Kamata, 2000) . In the relationship between the bark beetle, Dendroctonus frontalis and its specialist predator, the clerid beetle, Thanasimus dubius, it was reported that the predation effect of the beetle played an important role in the population cycles of the prey species (Reeve et al., 1995; Reeve, 1997; Turchin et al., 1999) . However, there are few studies on the long-term population interactions between an insect specialist predator and its prey in the field.
In this study, I surveyed 13 years of populationdensity data (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) of T. imparilis and its specialist predator P. perforata at three sites in the Kinki region, western Japan, and discuss the relationship between the patterns of population changes of T. imparilis and the effect of predation by P. perforata.
STUDY SITES AND METHODS
Three study sites, which are ca. 60 km distant from each other, were selected in the Kinki region. Site A is located in Kishiwada City and Izumi City, Osaka Prefecture, in the northwestern part of Kii Peninsula (34°27ЈN-135°27ЈE). Site B is located in Tsuna Town, Hyogo Prefecture, on the east coast of Awaji Island (34°26ЈN-134°54ЈE). Site C is located in Yura Town, Wakayama Prefecture, on the west coast of middle Kii Peninsula (33°57ЈN-135°07ЈE). Each site consists of areas of ca. 30-50 ha on hilly regions. The primary host plant was Mallotus japonicus at sites A and B, and was Fagara ailanthoides at site C.
At each site, the survey was conducted from late September to late October at intervals of 5-7 days from 1989 to 2001, after all T. imparilis larvae had hatched and constructed colonial nests (colonies). Since all T. imparilis hatchlings that hatch from an egg mass collectively construct a colony covered with silk webs, the number of colonies should be equal to the number of egg masses. The number of T. imparilis nests on all host trees was recorded along the same route (3-6 km) every year for each area. The number of host trees surveyed per year was ca. 300 at site A, ca. 200 at site B and ca. 100 at site C. A female of P. perforata lays her eggs on the underside of leaves near the prey nest in a few small sized egg masses covered with the prey feces from late September to mid-October (Hondô and Morimoto, 1997) . For each tree (1-3 m in tree height), the numbers of egg masses laid by P. perforata as well as the numbers of adult beetles and larvae in the nest were recorded. Since T. imparilis colonies were sometimes completely destroyed by predators (mainly P. perforata) during the early larval stage (Hondô and Morimoto, 1997) , the number of T. imparilis colonies destroyed was also counted on each survey date. Figure 1 shows the changes in the number of larval colonies of T. imparilis and the abundance of its predator, P. perforata (numbers of egg masses per colony and percentage colony in which P. perforata was observed) at three study sites. At site A, the number of larval colonies of T. imparilis decreased abruptly from 1989 to 1991, gradually increased thereafter from 1991 to 1997, decreased from 1997 to 1999, and started to increase from 1999 once again. The amplitude difference between the highest density (1997) and the lowest density (1991) was approximately 130-fold. The number of egg masses of P. perforata per prey colony fluctuated according to the number of its prey species, although the number reached a peak with a one-year time lag of the prey. The carabid beetles were observed in over 80% of the prey colonies in 1990 and 1998, when the prey population started to decrease. The maximum number of egg masses per colony was 6.4 in 1990.
RESULTS
The declining periods (1989-1991 and 1997-1999 ) and the year of the lowest density (1991) of the moth population at site B coincided with those of site A. At site B, moreover, the change in the number of P. perforata per prey colony and the percentage of colonies in which P. perforata was observed also coincided with those at site A during our research period.
At site C, after high densities of T. imparilis persisted during 1990-1992, density started to decrease in 1993, when the population at site A continued to increase. The population decreased abruptly from 1993 to 1994 and continued at low densities during 1994-1996. It gradually increased from 1996 to 2001, when the population at site A decreased from 1997 to 1999. The amplitude difference between the maximum density (1990) and minimum density (1996) was approximately 50-fold. At this site, P. perforata was observed in only 1992 and 1993, although the percentage of the colonies in which the predators were observed was at most 10%. The maximum number of egg masses per colony was 0.3 in 1993. Figure 2 shows the relationships between P. perforata abundance and mortality of T. imparilis colonies from 1989 to 2001 at site A. When P. perforata abundance increased, it was observed that all larvae in a young larval colony (1st to 3rd stadia) were often completely destroyed by the predation of adult beetles of P. perforata. When the percentage of T. imparilis colonies in which P. perforata was observed was less than 50%, the mortality of colonies was below 10%. However, when the percentage was more than ca. 80%, the mortality increased drastically (Fig 2a) . The mortality of colonies increased linearly with the increase of the number of egg masses per T. imparilis colony (Fig.  2b) . When the number of egg masses per T. imparilis colony was less than two, the mortality was below 10%. However, the mortality was about 40% for three to four egg masses and about 90% for 6.4. High mortalities (Ͼ35%) of T. imparilis colonies were observed at the peak density (1989) or the declining periods (1990 and 1998) of T. imparilis populations. 
DISCUSSION
It is reported that natural enemies such as pathogens (NPV, fungi and bacteria) and insect parasitoids (parasitic wasps and tachinid flies) as well as the carabid beetle played important roles during the year of peak population and the period of population decline of T. imparilis (Matsuura, 1973; Seki, 1974; Saito, 1983; Kunimi, 1986; Hondô, 1992) . In the present study, high mortalities (50-80%) by a bacteria (Enterobacter sp.), two parasitic wasps (Hyposoter sp. and Meteorus pulchricornis) and two tachinid flies (Carcelia dubia and Pales sp.) were observed from spring larvae during the year of peak population and the period of population decline (Hondô, 1992 (Hondô, , 2001 ). Therefore, it seems that the natural enemy complex acts as an important role regulating T. imparilis populations in the Kinki region. However, the results of this study indicate that P. perforata could be an important source of T. imparilis mortality during the population decline in some local populations. Matsuura (1973 and personal information) and Uematsu (1986) also observed that many P. perforata attacked T. imparilis larvae during the population decline in Wakayama and Chiba Prefectures.
At site A, the carabid predator, P. perforata changed in close correlation with the change of prey density. Although P. perforata also feeds on T. inaequalis larvae (Hondô and Morimoto, 1997) , a congeneric species of T. imparilis, the density of T. inaequalis was very low or could not be found during the survey periods (Hondô, personal observations) . At this site, consequently, P. perforata fed mostly on T. imparilis. Therefore, the change of P. perforata abundance in Fig. 1 suggests that P. perforata depended strongly on T. imparilis for food because of the absence of alternative prey species at site A.
At site A, as shown in Fig. 2 , a high percentage of the destruction of T. imparilis colonies occurred when the carabid abundance increased. Although the destruction of colonies was small during the increasing phase of the T. imparilis population, it increased drastically at the peak density (1989) and decline periods (1990 and 1998) . Usually, a P. perforata female lays from one to three egg masses per prey colony (Hondô, 2001) . Therefore, the number of egg masses per colony observed in 1989, 1990 and 1998 indicates that several adult beetles attacked the same colonial nest. In the laboratory, an adult beetle of P. perforata fed on 80-100 larvae (1st or 2nd stadia) of T. imparilis per day (Hondô, 1984) . Therefore, it is estimated that all larvae in the nest were completely eaten by the adult beetles, when several adult beetles concentrated in one colonial nest. In 1990, actually, almost all colonies were destroyed by P. perforata adults during 1st stadium larval period of the prey and the T. imparilis population collapsed abruptly during autumn (Hondô and Morimoto, 1997) . Since P. perforata acted as a specialist predator of T. imparilis at site A, increasing carabid populations with the increase of T. imparilis led to a food shortage when the number of prey colonies suddenly decreased, and then they themselves were reduced. Therefore, the effect of predation by P. perforata appeared especially strong after the prey population started to decrease from the peak density and thereafter, was not effective, although the intensity of the predation effect during the population decline differed from year to year as shown in Fig. 2 (1990 and 1998) . Predation seems to act as a delayed density-dependent mortality with a 1-year time lag. At site A, P. perforata contributes as an important factor affecting population fluctuations of T. imparilis with a sharp decline and increasing process.
At site B, where the carabid beetles were observed in over 80% of the prey colonies in 1990 and 1998, similar to site A, the population change of T. imparilis coincided with that of site A. From the relationships between P. perforata abundance and mortality of T. imparilis colonies (Fig. 2) , it is suggested that the effect of predation by P. perforata acted strongly during the decline periods of the T. imparilis population (1990-1991 and 1998-1999) at site B.
At site C, on the other hand, the population density of T. imparilis decreased abruptly after high density persisted for a few years and gradually increased after low density persisted for a few years. Moreover, the lowest density was higher than that of sites A and B. Although P. perforata increased from 1992 to 1993 during the decline periods of the prey, the abundance was extremely low compared to that of sites A and B. P. perforata may have alternative prey species at this site, although the author could not verify that during the period of the survey. From Fig. 2 , it is supposed that the predation effect of P. perforata was very small and apparently, predation did not affect the population decline of T. imparilis from 1993 to 1994. At this site, the percentage parasitism by a tachinid fly (Carcelia dubia) against T. imparilis increased abruptly from 3-6% (1990) (1991) (1992) to 16-19% (1993-1994) with the decline of the T. imparilis population (Hondô, 2001 ). It appears that mortality factors (ex. parasitoids) other than P. perforata played an important role in regulating the T. imparilis population.
From the results of the present study, it is suggested that the interaction between T. imparilis and its predator, P. perforata is an important factor for the different behavior of T. imparilis populations at different localities. It is pointed out that delayed density-dependent mortality factors caused by natural enemies often played important roles in population cycles (Turchin, 1990; Royama, 1992; Berryman, 1996) . Further long-term study is needed to clarify whether the population fluctuations of T. imparilis have cyclic patterns by delayed density-dependent mortalities by natural enemies such as P. perforata and parasitoids.
